The rhyolitic Valles caldera complex, New Mexico, is one of the type examples of resurgent calderas and has experienced two well-studied caldera-forming eruptions. The first formed the Lower Bandelier Tuff (LBT) at 1.61 Ma, and the second emplaced the Upper Bandelier Tuff (UBT) at 1.22-1.26 Ma. During the time between the LBT and the UBT, the much smaller-scale Cerro Toledo Rhyolite (CTR) was sporadically erupted. Quartz crystals from these stages of activity were imaged with cathodoluminescence microscopy, and growth zones in certain quartzes, due to varying Ti content, were revealed. Crystallization temperatures were obtained with a titanium-in-quartz geothermometer. The LBT quartzes are unzoned, with temperatures clustering between 660Њ and 715ЊC when a calculated of 0.4 a TiO2 is applied to the system. These near-solidus temperatures imply that the LBT magma chamber was highly crystalline at one point. However, the low crystal content and the widespread presence of resorption features in LBT crystals require that pervasive melting affected the LBT magma chamber at some point before eruption. This melting is hypothesized to result from a hot magmatic injection into the system, with the injection also being a likely trigger of the cataclysmic LBT volcanism. The earliest-erupted CTR units contain many zoned quartz crystals. Inner zones are usually rounded and invariably reveal cold (∼660Њ-700ЊC) cores and hot (∼750Њ-825ЊC) rims. We interpret these results as thermal evidence of magmatic recharge, whereby new magma mixed vigorously with leftover magma and high-temperature rims crystallized around low-temperature restitic quartz cores. Thermal data for the rest of the CTR record the continuing cooling and evolution of this mixture of magma, while results for the culminating UBT reveal generally unzoned quartz crystals with a roughly constant temperature of 685Њ-725ЊC. Altogether, these results present an unprecedented glimpse into the thermal history of the Bandelier magma system, as well as strong evidence concerning the timing and overall importance of magmatic injections in silicic magma systems.
Introduction
The Valles caldera, located in north-central New Mexico ( fig. 1 ), has often been referred to as the type example of a resurgent caldera. Early caldera collapse models were developed through the study of this system (e.g., Smith and Bailey 1968) , work that has shaped our understanding of cataclysmic silicic magmatism.
Two episodes of large-scale silicic volcanism, in- cluding caldera collapse, have occurred at the Valles complex during the past 1.6 Ma. The first produced the 1.61-Ma Lower Bandelier Tuff and formed the Toledo caldera; the second erupted the 1.22-1.26-Ma Upper Bandelier Tuff (Spell et al. 1996; Phillips et al. 2007 ) and led to the collapse of the Valles caldera at a location nearly coincident with that of the earlier Toledo caldera (Self et al. 1986 ). In addition, several smaller lava dome, plinian, and ignimbrite eruptions, collectively termed the Cerro Toledo Rhyolite, occurred between the two caldera- Figure 1 . Simplified map of the Valles caldera complex, showing the locations of the Cerro Toledo Rhyolite erupted products and the three sections (6, 7, and 15) sampled for this study. Modified from Stix and Gorton (1993) .
forming events (Heiken et al. 1986 ). This unusual combination of events offers a rare window into the development and evolution of a magmatic system that has undergone multiple caldera-forming events.
In this study, we examine growth zones in quartz crystals from the Bandelier Tuff and the intervening Cerro Toledo Rhyolite that are revealed by cathodoluminescence (CL) imaging of individual crystals (Peppard et al. 2001 ). It has recently been shown that the intensity of the different CL zones in quartz crystals is directly related to their Ti content and that the Ti content of quartz can, in turn, be related to its temperature of crystallization (Wark and Spear 2005; Wark and Watson 2006) . Using a new titanium-in-quartz geothermometer based on this relationship (Wark and Watson 2006) , we have calculated the crystallization temperatures of quartz grains and their various growth zones.
Our results shed light on the thermal history and evolution of the Bandelier magmatic system during and between the Toledo and Valles caldera-forming eruptions. In conjunction with previous research on the Bandelier system (e.g., Stix and Gorton 1993) , we propose a model in which magma injection caused substantial crystal resorption throughout the magma chamber, thus becoming intimately related to the inception of caldera-forming eruptions. These processes, in turn, may have caused the destabilization and subsequent catastrophic evacuation of the magma chamber. In addition, our thermal data for the Cerro Toledo Rhyolite provide new insights into the inner workings of the system's magmatic recharge, which culminated in the eruption of the Upper Bandelier Tuff. mediate to mafic volcanism over most of its history ). The range of magmatic compositions observed in the JVF is ascribed to the interactions between two fundamental magma types: mantle-derived olivine tholeiite basalt and highsilica rhyolite from melted crust (Gardner 1985; Gardner et al. 1986; Wolff and Gardner 1995) . The first eruptive products of the JVF that appear genetically related to the Bandelier Tuff are the 4-Ma rhyolitic San Diego Canyon ignimbrites (Turbeville and Self 1988) . At about 1.8 Ma, high-silica rhyolitic ignimbrites, chemically very similar to the Bandelier Tuff, were erupted from the same locality as the later Valles caldera (Spell et al. 1990 ). These pre-Bandelier ignimbrites may have been derived from the same magma body as the Bandelier Tuff (Self et al. 1986 ).
The Bandelier Tuff and the Cerro Toledo Rhyolite. The Bandelier Tuff, a series of two largevolume, high-silica rhyolite tephras and ignimbrites, is among the most recently erupted products of the JVF. The Bandelier Tuff comprises the Lower Bandelier Tuff (LBT), which was emplaced at Ma, and the Upper Bandelier Tuff 1.608 ‫ע‬ 0.010 (UBT), which was erupted at Ma, ac-1.225 ‫ע‬ 0.008 cording to Spell et al. (1996) , or Ma, 1.256 ‫ע‬ 0.010 according to Phillips et al. (2007) . The eruptions of the LBT and the UBT led to the formation of the Toledo and Valles calderas, respectively ( fig. 1 ; Smith and Bailey 1968; Heiken et al. 1990 ).
The LBT is made up of the plinian Guaje Pumice Bed and the Otowi ignimbrite units. The total erupted volume of the LBT is estimated at 400 km 3 DRE (dense rock equivalent; Self and Lipman 1989) . The Guaje Pumice Bed is a plinian pumice-fall deposit that blankets the underlying topography (Kuentz 1986 ). The deposits of this bed are massive to well bedded and unconsolidated and are made up of coarse, well-sorted, angular pumice clasts of an average size of 1-4 cm (Kuentz 1986 ). The crystal content of the Guaje pumices ranges up to 17%, with vesicularity taken into account (Kuentz 1986 ). On the basis of isopach and maximum-grain-size isopleth maps, it is thought that the Guaje deposits were erupted from either a single central vent or multiple closely spaced vents (Kuentz 1986; Self et al. 1986 ). The LBT ignimbrites consist of surge beds and massive ignimbrite dispersed in a radially symmetrical fashion around the caldera (Goff et al. 1989) . The commonly nonwelded nature of the LBT ignimbrite also promoted the relatively rapid erosion of this member (Kuentz 1986 ). The crystal content of the LBT reaches 19% (Kuentz 1986) . The LBT ignimbrite is up to 800 m thick inside the caldera, as determined by drilling by Union Oil, and varies from 0 to 120 m thick outside the caldera (Nielson and Hulen 1984; Kite 1985; Kuentz 1986) . Outside the caldera, the LBT ignimbrite commonly shows weak to no bedding and variable alteration, related to variations in precipitation (Kuentz 1986 ). Pumices of dacitic composition are also occasionally found in the LBT (Kuentz 1986 ).
The Cerro Toledo Rhyolite (CTR) is a series of high-silica rhyolite domes, lavas, and fallout and surge tephras erupted sporadically during the 352-383-k.yr. time span between the eruptions of the LBT and the UBT (Heiken et al. 1986; Stix and Gorton 1993; Spell et al. 1996) . Ages obtained for the lowermost CTR and for the LBT are indistinguishable (Spell et al. 1996) , suggesting that volcanism was essentially continuous after the caldera-forming eruption of the LBT. Similarly, the ages obtained for the uppermost CTR and for the base of the UBT are identical, suggesting that volcanism was occurring immediately before the eruption of the UBT (Spell et al. 1996) . The CTR was erupted from the Toledo caldera and the Toledo embayment, and outcrops of these tephras are generally restricted to locations such as canyons northeast of Los Alamos (Heiken et al. 1986 ).
The UBT comprises the plinian Tsankawi Pumice Bed and the Tshirege ignimbrite units. The total erupted volume of the UBT is approximately 250 km 3 DRE (Self and Lipman 1989) , and it covers more than 1300 km 2 , with the Valles caldera at the center (Smith and Bailey 1966) . The Tsankawi Pumice Bed (Bailey et al. 1969) represents the initial plinian fall of the Valles caldera-forming eruption. This fall unit is laterally extensive, representing the stage before column collapse and the production of large-scale pyroclastic flows. The vent location for the plinian eruption has been interpreted to be at the current location of resurgent doming, while the site of the Valles caldera is nearly coincident with that of the previous Toledo caldera (Heiken et al. 1986; Self et al. 1986 ). Total phenocryst content of the Tsankawi is approximately 5% (Smith and Bailey 1966) . Although high-silica rhyolite pumices are characteristic of the vast majority of the UBT, small amounts of dacite pumice are also found in the UBT plinian unit and ignimbrite (Balsley 1988) . The UBT ignimbrite is also more commonly welded than the LBT and has a total crystal content of ∼15%-35% (Smith and Bailey 1966) . Traceelement studies of the UBT, unlike those of the LBT, do not reveal a simple fractional crystallization evolution. According to Balsley (1988) , the magma composition was initially similar to the LBT's but experienced some fraction of either mixing or assimilation. Simplified stratigraphic section of the Bandelier Tuff and the Cerro Toledo Rhyolite, showing only units relevant to our study. All units, except for Alpha, were defined and first described by Stix (1989) . Dates are from Spell et al. (1996) , and the age of unit 15-12 is shown to provide a better constraint for the age of unit 15-11. All dates are 40 Ar/ 39 Ar isochron ages, except for that of unit 15-8, which is a weighted mean average. Section is not to scale.
Methodology
Sample Collection. Samples were collected from the LBT (units G-1 and 7-7), the CTR (units 7-8, 15-8, 15-9, 15-11, and 6-8) , and the UBT (units 6-12 and Alpha). All these units were described by Stix (1989) , except for Alpha, which was sampled from unit 3t of the UBT ignimbrite (Warren et al. 2007 ). Ages of these units (Spell et al. 1996) and their locations within the stratigraphic sequence are shown in figure 2.
Sample Preparation. A light crush was applied to samples, with care taken not to damage individual crystals. Quartz grains ranging in size from 63 to 250 mm were handpicked and mounted in epoxy on 1-inch grain mounts, which were then polished and carbon coated for cathodoluminescence imaging.
Cathodoluminescence Imaging. Cathodoluminescence (CL) electron microscopy reveals the presence of zonations in certain quartz crystals (Peppard et al. 2001) . The origin of CL zonations in quartz is thought to be variations in titanium incorporated into the SiO 2 crystal structure ). The CL zones are imaged in two dimensions but are in actuality three-dimensional within the quartz grain. This fact, along with the broken nature of many quartz grains analyzed, may affect the visualization and interpretation of the zonations for some grains.
Digital CL pictures ( fig. 3 ) were obtained at the Université du Qué bec à Montré al with a Hitachi S-4300SE/N (VP-SEM) with a CL lens attached. Pictures were obtained under vacuum, with a total image-scanning time of 200 s per picture. Scans were conducted at accelerating voltages of 15, 20, and 30 kV. Scans performed at the 30-kV accelerating voltage were found to yield the clearest images of grains, which filled the image collection screen. However, when the grain did not fill the image collection screen, a significant amount of epoxy was visible. Epoxy emitted very strongly under CL relative to the quartz grains. When significant epoxy was visible, an accelerating voltage of 20 kV yielded the best results. Background counts, signal selection interval, and data reduction were performed with Glitter software.
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Si was chosen as the ratioing isotope, and 27 Al and 43 Ca were monitored to reveal surface contamination or melt inclusions. Instrumental precision of the LA-ICP-MS, as calculated by Glitter, was excellent. The relative standard deviation (%RSD), which is defined as the standard deviation divided by the mean of the analyses, was below 4.0% and 7.5% for 29 Si and 48 Ti, respectively, with the %RSD of both typically hovering around 3%-4%.
Accuracy of the determined concentrations depends in part on the choice of standards. A set of quartz standards with well-characterized titanium concentrations is not generally available, and use of the NIST 610-614 glasses as standards is ill advised because of an isobaric calcium interference on mass 48 (the major titanium isotope), as well as a potential interference from 96 Zr ϩϩ . Benitoite (BaTiSi 3 O 9 ) has the advantage of being a calciumfree titanium silicate with limited compositional variation (Minarik 2006) . Hence, gem-quality benitoite from New Idria, California, was used as a standard; the minor Zr content contributes insignificant counts at mass 48. Estimated total analytical accuracy is better than 10% at low TiO 2 concentrations and approaches 5% at higher TiO 2 concentrations. These estimates are based on comparisons between TiO 2 concentrations determined via LA-ICP-MS and those from electron microprobe analysis (EMPA) and secondary ion mass spectrometry (SIMS; Wark and Watson 2006 Titanium-in-Quartz Geothermometer. Titanium is one of many trace elements that may replace silicon in the mineral quartz (SiO 2 ). Because concen-trations of Ti in igneous and metamorphic quartz phenocrysts are relatively high, generally ranging from 1 to 1100 ppm (Wark and Watson 2006) , they may be easily and precisely measured by microbeam techniques such as EMPA, SIMS, and LA-ICP-MS. The extent of Si replacement by Ti occurs in a temperature-dependent fashion, effectively rendering the concentration of Ti in quartz a geothermometer (Wark and Watson 2006; Wark et al. 2007 ). Using experimental data, Wark and Watson (2006) derived an equation describing the relationship between the temperature of crystallization and the concentration of Ti in quartz:
The principal unknown in this relationship is the activity of titania ( The activity of titania is the most difficult parameter to constrain. An extensive search was made for the presence of rutile in our samples. Several grains of quartz and sanidine were observed to contain needlelike inclusions of a brown mineral phase. When analyzed by electron microprobe, this phase was identified as chevkinite, a mineral enriched in light rare earth elements. No direct evidence was found for the presence of rutile in our samples. We thus conclude that .
TiO 2 Hayden and Watson (2007) in-quartz temperature calculations. This value was based on calculations using iron-titanium oxides.
As proposed by Wark and Watson (2006) , an value for the Bandelier system was determined a TiO 2 by using ferrohedenbergite-fayalite pairs from the Bandelier Tuff (Warshaw and Smith 1988) or magnetite-ilmenite pairs from the CTR (Stix and Gorton 1990 ). An value of approximately 0.4 was a TiO 2 calculated through the following steps. Temperature estimates for four different units (one from the LBT, two from the CTR, and one from the UBT) were determined with the aforementioned geothermometers (table 1) . The Ti content of quartzes in each unit, except those with notable core and rim zonations, was then calculated by averaging all analyses performed in each unit. Quartz crystals zoned with respect to Ti content were found in several units. In these well-zoned cases, only the Ti analyses performed on outer rims and on hightemperature grains were averaged, as these were deemed to be the only types of quartz that crystallized from the magmatic conditions prevalent at the time of their eruption. With the average Ti content, as well as the temperature estimate from the other geothermometers, for each unit in the titanium-in-quartz formula (Wark and Watson 2006) , the remaining variable, , was calculated as
for the unit, where X Ti is the unit average. An value of ∼0.4 was found using both sets of data a TiO 2 (table 1) . This conformity indicates that 0.4 is most likely a reasonably accurate estimate for in a TiO 2 the Bandelier system and the best estimate currently available. Temperatures were thus calculated using
. Table A1 shows all of our a p 0.4 the lowest possible temperatures.
In the absence of mineral activity monitors, the activity of titania in the melt can also be estimated from the concentration of TiO 2 in the glass scaled to the concentration required to saturate rutile. In addition to the concentration of TiO 2 , the majorelement composition of the melt must be known, as well as its temperature (Hayden and Watson 2007) . Dunbar and Hervig (1992) give compositions, including TiO 2 , for melt inclusions from LBT phenocrysts that correspond to our units G-1 (plinian) and 7-7 (ignimbrite). Hayden and Watson's (2007) melt composition parameter FM from the major elements is estimated to be 1.61 for the plinian samples and 1.60-1.65 for the ignimbrites of the LBT. TiO 2 concentrations in glass from quartz and feldspar hosts are relatively constant at approximately 300 ppm for most of the units, ranging from 265 to 320 ppm. Two LBT samples from near the top of the ignimbrite (BB-027 and BB-030) give higher TiO 2 concentrations of 414 and 443 ppm, respectively. One melt inclusion from BB-030 gives an extreme value of 637 ppm.
If the ferrohedenbergite-fayalite temperature estimate for the G-1 plinian unit of 696ЊC is used (Warshaw and Smith 1988;  (Hayden and Watson 2007; Wark et al. 2007 ).
The higher temperature of unit 15-8 from the CTR, estimated with magnetite-ilmenite pairs (813ЊC; Stix and Gorton 1990; table 1), increases the solubility of TiO 2 to 1893 ppm. For this unit, the FM parameter is 1.71, while the Ti content in the matrix glass is 760 ppm (Stix 1989 ). The calculated then becomes 0.40. This estimate is a TiO 2 similar to those calculated in table 1 by equating temperature estimates from mineral pairs and titanium-in-quartz.
The key question, then, is whether this represents an actual change in the activity of titania between the start and the end of the LBT sequence. Dunbar and Hervig (1992) explain the increase in TiO 2 and other trace elements in inclusions of their samples BB-027 and BB-030 as resulting from compositional mixing of a second silicic magma intruded into the LBT magma. The increased TiO 2 concentrations, however, represent a decrease in due to the concurrent increase in temperature. a TiO 2 Unless the two magmas were at similar temperatures, heating would be the initial major effect because the thermal diffusivities were higher than the material diffusivities. The entire increase in melt TiO 2 concentration could be the result of mineral dissolution and increased melt TiO 2 solubility at higher temperatures, as emphasized in Data Repository item DR3 of Wark et al. (2007) .
Without further evidence, we assume that a TiO 2 was constant near 0.4, on the basis of the agreement of temperature changes calculated from both mineral pair and titanium-in-quartz thermometers. Furthermore, the activity of titania is assumed to be constant throughout the evolution of the system, again because of the similarity of the calculated values of for the four units from the LBT, a TiO 2 the CTR, and the UBT (table 1), which include samples originating from both preinjection and postinjection magma chamber conditions, as discussed below. The TiO 2 activity is also assumed to be constant throughout each of the various units at any given time.
Although the chosen value of for this sysa TiO 2 tem as a whole will affect the absolute values of the temperatures calculated, the relative temperature differences within each unit are constant, assuming constant within each individual unit. a TiO 2 We can state with some confidence that never a TiO 2 reached a value of 1, because rutile crystals were not found during our analyses.
Results
Crystals from nine different units within the Bandelier Tuff and the CTR were imaged with CL. Then, LA-ICP-MS analyses were conducted on selected crystals, with several analyses performed on each crystal. ter, for each LA-ICP-MS analysis performed on quartz grains from units G-1, 7-7, 7-8, 15-8, 15-9, 15-11, 6-8, 6-12 , and Alpha, in order of increasing stratigraphic height. The location of each of these units within the eruptive sequence is illustrated in figure 2 . Crystals that could be imaged in one CL picture without significant mirror distortion are named by reference to the corresponding CL image. Larger crystals were given nonnumeric names and are represented by a collage of CL images.
Unit G-1. Unit G-1 is the Guaje pumice fall unit representing the onset of the LBT eruptive event. Ti concentrations are remarkably consistent, with a measured range from 20.8 to 23.9 ppm. The calculated temperatures reflect the consistent Ti concentrations, with temperatures ranging from 674Њ to 689ЊC at . No zoning was noted under a p 0.4
TiO 2 CL imaging in any of the quartz crystals analyzed ( fig. 3A) . Unit 7-7. Four pumices were analyzed from unit 7-7: C, X, Y, and Z. These pumices were sampled from section 7, at the top of the LBT ignimbrite deposit ( fig. 2 ). Pumice 7-7C has consistent Ti concentrations, with the exception of one analyzed grain. One analysis from crystal 13 shows a Ti concentration of ∼49 ppm, more than double the average of ∼24 ppm for pumice 7-7C. The rest of the analyses from pumice 7-7C are reasonably consistent, ranging from 18 to 28 ppm Ti, with a corresponding temperature range of 660Њ-705ЊC ( Unit 7-8. Unit 7-8 represents the first erupted tephra of the CTR after the emplacement of the LBT ignimbrite ( fig. 2) . A majority of the quartz grains analyzed from this unit display at least some CL-visible zonations (e.g., fig. 3B ), with cores being invariably darker than the corresponding rims. Two major types of zonation are apparent. In the first type, small differences in CL-visible contrast and Ti content are noted between the core and the rim of the grain. In the second type, the cores and rims are better defined, with clear differences in Ti content observed. Rims of these grains invariably have higher Ti content than their corresponding cores. Analyzed cores yielded Ti concentrations ranging from 18 to 33 ppm, corresponding to temperatures of 658Њ-724ЊC. Analyses of high-contrast rims ("type 2") gave Ti contents of 40-59 ppm, or 746Њ-796ЊC, while the low-contrast ("type 1") rims had Ti concentrations similar to those obtained for the cores: 22-37 ppm, or 682Њ-737ЊC. Finally, of the two grains that show no visible CL zoning, grain 11 yielded Ti contents of 33, 38, and 50 ppm, while grain 20 gave elevated Ti concentrations of 48 and 59 ppm and corresponding temperatures of 769Њ and 796ЊC.
Unit 15-8. Many of the crystals analyzed from unit 15-8, which is stratigraphically above and erupted just after unit 7-8, display significant CL zoning. Of the 11 quartz grains examined, nine show a distinct darker core-to-lighter rim pattern (e.g., fig. 3C, 3D) . In some cases, the darker core appears to become lighter in a gradational and concentric fashion, with a discrete lighter zone near the rim of the grain. The edges of the "cores" are generally quite rounded ( fig. 3C, 3D (fig. 3D ). It clearly shows a gradational zoning pattern from the dark core, abruptly truncated by the appearance of a light zone. The core has a Ti concentration of 41 ppm, and analyses both just inward of the light zone and at the opposite edge of the crystal reveal that Ti concentrations increase to ∼51 ppm, while the light zone at the rim has a significantly higher Ti content of ∼70 ppm.
The two crystals that show no zoning have Ti concentrations similar to those on the outermost rims of the other crystals (with the exception of the rim of crystal 13), ranging from 74 to 79 ppm. The corresponding temperature range is 826Њ-836ЊC. The outer rim of crystal 13 has a Ti content of only 48 ppm, possibly because the original outermost rim of this crystal was not preserved.
Unit 15-9. Only two quartz grains from unit 15-9 were successfully analyzed, in part because of the paucity of quartz in samples from this unit. Neither grain shows any visible CL zoning, and the two have remarkably consistent Ti contents, ranging from 52 to 55 ppm. These Ti concentrations correspond to a temperature range of 779Њ-788ЊC.
Unit 15-11. The later-erupted CTR unit 15-11 shows consistent Ti concentrations and no notable CL zoning. The LA-ICP-MS analyses show a range in Ti concentrations from ∼40 to 49 ppm Ti throughout the unit. This corresponds to a temperature range of ∼748Њ-772ЊC.
Unit 6-8. Unit 6-8 is one of the last CTR units before the UBT eruption. Three quartz crystals were successfully imaged for CL and measured for Ti. One of these, crystal 55, shows a distinct darker core with a lighter rim. The Ti measurements of the darker core correspond very closely to the measurements of the other unzoned quartzes, with a range of 22-25 ppm Ti and corresponding temperatures of 681Њ-695ЊC. The lighter rim has a Ti concentration of approximately 33 ppm (727ЊC).
Unit 6-12. Unit 6-12 is the plinian unit of the UBT eruption. Only one quartz crystal from unit 6-12 (crystal 10) yielded zoning when imaged under CL. However, the zonations of this crystal appear to be somewhat discontinuous and diffuse, and the measured Ti concentrations of this crystal do not clearly correlate with CL brightness. The numerous melt inclusions in this crystal also may have affected the Ti measurements. In general, the quartzes of unit 6-12 are unzoned and have Ti concentrations ranging from 31 to 36 ppm, with a corresponding temperature range of 719Њ-734ЊC.
Unit Alpha. Unit Alpha is a sample of the densely welded massive UBT ignimbrite from unit 3t. Only one slightly zoned grain, crystal 51, was noted. Although we were unable to cleanly analyze the rim segment because of its thinness, an LA-ICP-MS sample spot on the zone boundary reveals Ti levels consistent with those of the other quartz crystals from this unit. There are three apparently anomalous analyses in Alpha, one of which, from crystal Michelle, appears to be an outlier, possibly because of contamination of a crack by epoxy, a thin grain that was contaminated, or a subsurface melt inclusion, which would be rich in Ti. The majority of unit Alpha analyses are fairly consistent, with a Ti range from 26 to 36 ppm and a corresponding temperature range from 697Њ to 735ЊC.
In summary, several trends emerge from our results ( fig. 4) . The LBT units sampled (G-1 and 7-7) show consistently low Ti concentrations and temperatures, with the exception of a few analyses from unit 7-7. By contrast, units 7-8 and 15-8, from the earliest-erupted CTR, reveal significant variation in temperature and quartz growth patterns. Within the crystals from these units are found unzoned high-temperature grains, while zoned crystals invariably have low-temperature cores and higher-temperature rims, which are typically sharply defined. Subsequently, temperatures gradually decrease with time, and crystals are principally unzoned throughout the later-erupted CTR, as shown by units 15-9, 15-11, and 6-8. Quartz grains from the UBT units 6-12 and Alpha show a small increase in temperature relative to the earlier 6-8 CTR unit and a paucity of zoned grains.
Discussion
The results obtained here provide an unusual glimpse into the thermal history of the Valles magmatic system. Previous temperature estimates for a few units of the Bandelier Tuff and the CTR ( fig.  4 ) have been calculated from ferrohedenbergitefayalite (Warshaw and Smith 1988 ) and magnetiteilmenite pairs (Stix and Gorton 1990) , respectively. Thermal history is a parameter that is crucial to the accurate modeling and overall understanding of the nature of magma chambers, as well as to the timing and nature of potential injections of fresh magma into these systems. On the basis of our thermal data, we propose that magma injection into the Bandelier system did indeed occur and that the first substantial injection during Bandelier time took place immediately before the LBT caldera-forming eruption. Injection of new magma likely continued during the LBT eruption but ceased shortly after the end of the eruption.
Nature of the Preinjection LBT Magma Cham-
ber. Although some properties of the preinjection LBT magma chamber are well constrained, many questions remain. Melt inclusion work by Dunbar and Hervig (1992) yielded water contents of ∼5% within the Guaje pumice fall unit (representing the volatile-rich cap of the magma chamber) and ∼2%-3% for the remainder of the LBT ignimbrite (the main body of the magma chamber). Temperature estimates of ∼700ЊC were calculated for the Guaje Pumice Bed from ferrohedenbergite-fayalite pairs by Warshaw and Smith (1988;  fig. 4 ), with temperatures for the LBT ignimbrite likely hotter. Finally, crystal contents of up to ∼17% and ∼19% are found in unit G-1 and throughout the rest of the LBT ignimbrite, respectively (Kuentz 1986) . One model, based on isotopic data and the principle of magmacountry rock chemical exchange, suggests that the LBT magma chamber was composed of a country rock-bounding crystal carapace surrounding a center of aphanitic melt (Wolff et al. 1999 (Wolff et al. , 2002 . It has also been proposed that the chamber underwent turbulent convection just before eruption (e.g., Kuentz 1986 ).
Our thermal data, however, paint a different picture of the preinjection magma chamber: relatively cool, possibly highly crystalline, viscous, and stagnant ( fig. 5A ). This chamber would be unlikely to convect vigorously or to comprise a vast aphanitic zone. Our temperatures from units G-1 and 7-7 generally cluster between 660Њ and 717ЊC. These temperatures are grouped around the ∼700ЊC solidus for the ternary minimum in the Ab-Or-Q system (Tuttle and Bowen 1958) , at an approximate of P H O 2 100-200 MPa for the system (Kuentz 1986 ). Although the Ab-Or-Q system is an approximation for the Bandelier magma, we may conclude that a high-Si rhyolite system at these temperatures was close to solidus conditions. Thus, a magma chamber at these temperatures was most likely highly crystalline and not sufficiently fluid to allow vigorous convection. Our findings also indicate that the magma chamber was relatively isothermal, with little difference found between the temperatures of unit G-1 (674Њ-689ЊC) and the main cluster of temperatures from unit 7-7 (660Њ-717ЊC). A temperature gradient of at most 50Њ-60ЊC was present in the chamber, offering no clear evidence that the LBT magma chamber was strongly zoned in a thermal sense.
Given sufficient time, the Ti contained within quartz crystals will diffuse from areas of higher Ti A, Preinjection Lower Bandelier Tuff (LBT) magma chamber. At near-solidus temperatures, the chamber is highly crystalline and probably stagnant. B, Injection into the LBT chamber. Injection of new, relatively hot magma into the system results in significant and widespread crystal resorption. This melting, causing the transfer of a large volume of material from the solid to the liquid state as well as the release of volatiles, may have triggered the LBT eruption at 1.61 Ma. C, Caldera collapse phase and early Cerro Toledo Rhyolite (CTR) postcollapse phase. The LBT caldera collapse stirs remnant resident magma with new, relatively hot magma replenishing the system. Mixing and mingling are promoted by upwelling of less dense new magma and by downward pressure exerted by collapse of the overlying caldera block or blocks. High-temperature rims grow over restitic, partially resorbed cores during and after mixing. D, Later-erupted CTR. System gradually cools, with limited or no magma injected into the system. New crystals grow at relatively low temperatures, and zoned grains from early CTR time are gradually unzoned by Ti diffusion. The chamber becomes more crystalline as it cools, gradually returning to a state similar to that in A.
concentration to areas of lower Ti concentration. Thus, after a sufficient period of time, a crystal zoned in Ti concentration could theoretically become "unzoned." Ti diffusion is described by the Arrhenius relationship of Cherniak et al. (2007) :
D p 7 # 10 exp m s .
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Thus, Ti diffusivity depends exclusively on temperature T and increases significantly with increasing temperature. From the diffusivity D, it is then possible to calculate the distance d over which Ti is likely to diffuse within a grain:
where t is time (e.g., Wark and Watson 2006) . Ti in quartz phenocrysts of unit G-1, for example, at an average temperature of 682ЊC (table A1) , would take ∼240 k.yr. to diffuse 50 mm (the approximate width of thin zones visible in quartz grains of unit 15-8). This means that, had any of the quartz grains of unit G-1 been zoned originally, these phenocrysts would have theoretically become unzoned to their currently visible state via Ti diffusion had they resided in the magma chamber for at least ∼250 k.yr. It is important to stress that our temperature results for unit G-1 and for the bulk of unit 7-7 reflect not the temperatures of these units at the time of their eruption but rather their temperatures during crystallization in the relatively cool regime of the preinjection LBT chamber. Initial Magma Injection. If the temperature of the LBT magma chamber had dropped to near-solidus conditions, why are the LBT deposits not highly crystalline? We propose that an injection of fresh magma at the base of the magma chamber raised the chamber's temperature to above solidus levels, leading to substantial and widespread melting throughout the chamber ( fig. 5B ). We also suggest that evidence of this injection is present in the few outlier temperature results from unit 7-7, ranging from 757Њ to 774ЊC, which are significantly hotter than the main cluster of results ( fig. 4) . Recent experimental work on silicic magmatic systems that are both liquid and mushy shows that denser inputs will pond at the base of the chamber while buoyant inputs will rise efficiently through both liquid and mush, entraining crystals (Girard and Stix 2009) .
After the initial magma injection into the system or the emplacement of magma at the base of the chamber, heat was added to the stagnant magma chamber. We propose that this input of heat raised the temperature of almost the entire magma chamber to well above solidus levels, initiating magma chamber-wide crystal resorption. Bachmann and Bergantz (2006) propose that gas percolation may play a role in the reheating of large silicic systems, although an unrealistic total amount of volatiles would be required for gas percolation alone to account for the reheating of the entire Bandelier magma chamber. While many crystals from the LBT have been broken or shattered, resorption features are nevertheless very common. These features include rounding of both quartz and sanidine (which make up ∼95% of the modal mineralogy) and the common presence of pockmarked surfaces on quartz crystals, which Kuentz (1986) thought may be due to resorption. This resorption is likely to have been triggered mainly by an increase in temperature. At near-solidus conditions, an increase in temperature can move the system from a state of crystallization to one of resorption. After the period of resorption, quartz crystal growth appears to have resumed for certain crystals of the LBT (unit 7-7). However, we suggest that hightemperature quartz grains or rims are not commonly found in the LBT because the caldera-forming eruption occurred before conditions in most of the magma chamber could switch back from favoring quartz resorption (hot) to favoring quartz crystallization (cooler). It should be noted that the higher temperatures found in unit 7-7 were not obtained from visibly zoned grains. We do not attribute any particular significance to the lack of zoning in these cases. It is possible that these grains represent only broken fragments of grains that were zoned when whole or that when crystallization resumed, conditions were such that new crystal nucleation was favored over crystallization on restitic grains. The resumption of high-temperature quartz growth in the lower parts of the magma chamber, rather than at the top (unit G-1), may be due to the greater volatile content in the cap of the magma chamber .
As the sharp boundaries visible in zoned grains of unit 15-8 are !10 mm thick, Ti in quartz grains of this unit had time to diffuse only roughly 10 mm at temperatures on the order of 830ЊC (table A1) before being erupted (e.g., Wark and Watson 2006) . Ti diffusion over a distance of 10 mm at 830ЊC will occur in only ∼100 yr. In other words, the zoned quartz grains from unit 15-8 were probably erupted only ∼100 yr, at most, after they crystallized their high-Ti rims. This calculation implies that the injection of magma that led to the formation of the bright, sharply defined rims on the majority of quartz grains from units 7-8 and 15-8 was followed very quickly by their eruption.
Hence, our data place the timing of the initial injection at just before the LBT caldera-forming eruption, early enough to allow for extensive crystal resorption but not sufficiently long to allow the magma chamber to cool to a point that widespread quartz crystallization might resume. Moreover, the injection must have occurred not long before eruption, because diffusion of Ti from relatively Ti-rich zones to relatively Ti-poor zones in quartz would have occurred on longer timescales, blurring the contacts between the zones. Importantly, we see very sharp zones. Little evidence as to the composition or exact nature of the initial injection of magma is obtainable from our data, only that it was relatively hot (1830ЊC). Using chemical analyses of Bandelier samples, Hervig and Dunbar (1992) concluded that rhyolitic magma was mixed into the LBT magma chamber at a time soon before its eruption. This new magma was found to have similar major elements but distinct trace elements, compared to the magma already resident in the chamber, suggesting that the two magmas shared a common origin or source material, with the newly injected magma simply being less fractionated. Stix and Gorton (1993) also proposed, on the basis of trace elements, that the new magma was rhyolitic in composition. The presence of small amounts of dacitic erupted products in both the LBT and the UBT suggests that magma of a more primitive composition may have played a role as well. Hervig and Dunbar (1992) collected compositional data from melt inclusions found within quartz, sanidine, and pyroxene phenocrysts and matrix glass from the LBT. They found that while major-element chemistry did not vary appreciably throughout the sampling, some trace elements did. In particular, two distinct clusters of Ti content were identified: ∼300 and ∼600 ppm. Hervig and Dunbar (1992) postulated that the melt inclusions of these clusters originated from different melts: an older, Ti-poor magma and a relatively new, recently injected, Ti-rich magma. Although it may appear improbable that two populations of melt inclusions with very different Ti contents may have crystallized from magmas with very similar values, a TiO 2 it is important to note that at constant , melt a TiO 2 inclusions will contain a greater amount of Ti when crystallizing at higher temperatures, much like quartz. Hence, at constant , a hotter magma a TiO 2 will contain higher concentrations of Ti. Thus, assuming constant throughout Bandelier time, a TiO 2 as our data indicate, the Hervig and Dunbar (1992) data set supports the view that the injected magma was considerably hotter than the resident magma. The CTR contains magnetite and ilmenite (Stix and Gorton 1990) , suggesting that the was buffered a TiO 2 by these Ti-bearing phases. As illustrated by Wark and Watson (2006) , increases in temperature result in increased dissolution of Ti-rich phases and, consequently, an increase in the Ti content of the melt. Thus, the Ti content of the melt was dependent on temperature in the buffered Bandelier magma system. Furthermore, this data set also indicates that some crystallization had indeed resumed in the LBT magma chamber after the injection, because a large number of Ti-rich melt inclusions (presumably from the newly injected melt) were identified in their samples. Hervig and Dunbar (1992) noted that only some of the sanidine phenocrysts they analyzed showed trace-element enrichment toward their edges. Thus, crystallization may have resumed in certain parts of the magma chamber only before its eruption. Finally, Hervig and Dunbar (1992) found no high-Ti melt inclusions in the LBT plinian unit, consistent with the paucity of highTi quartz identified in the LBT plinian in our study.
LBT Eruption. The injection of hot new magma would have altered the conditions within the magma chamber in several ways. It would have introduced a volume of magma that increased pressure and caused crystal resorption by superheating and/or release of latent heat by crystallization of this new magma. The increase of mass and volume within the chamber due to magma replenishment may have overpressurized the LBT magma chamber, triggering its explosive eruption. The widespread crystal resorption would have the following consequences: (1) the transformation of a potentially large volume of material from the solid to the liquid state; (2) a significant decrease in the viscosity of the magma due to the hotter temperatures and the presence of fewer and smaller crystals; and (3) the dissolution of silicate minerals. The first consequence could have generated additional pressure within the system. The second would have facilitated evacuation of the magma by causing it to become more fluid and thus more mobile. Finally, the third consequence would lead to the dilution of the initial dissolved H 2 O content of the interstitial melts, as would be expected from the melting of anhydrous minerals.
During the onset of the LBT eruption, the volatile-rich cap of the LBT magma chamber is thought to have been discretely tapped, forming the plinian Guaje Pumice Bed. The lack of clear chemical stratification within the LBT ignimbrite has led some to conclude that the rest of the LBT magma chamber was subsequently tapped chaotically, obscuring the presence of any preeruptive magmatic chemical zonation within the LBT ignimbrite (Kuentz 1986 ). Our results indicate that a significant thermal gradient (i.e., greater than 60ЊC) is unlikely to have been present. Finally, the drop in overburden pressure caused by the eruption of the LBT may have promoted continued replenishment of new magma into the system (e.g., Stix and Gorton 1993) .
Magma Recharge and Mixing: Thermal History of the CTR. Magma recharge likely occurred mainly before and during the LBT eruption. This new magma proceeded to mix and/or mingle with the remains of the LBT magma chamber, creating a new hybrid magma that proceeded to cool and evolve. Thermal evidence of the hot injection is visible in the rimmed quartzes of units 7-8 and 15-8, which were the first-erupted units of the CTR. In fact, the emplacement of these two units occurred so soon after the LBT eruption that their ages are indistinguishable (Spell et al. 1996) . The fact that the highest recorded temperatures of the CTR are found within grains of unit 15-8 ( fig. 4) suggests that the injection of substantial amounts of new, hot melt into the system did not continue long after the eruption of this unit, because the chamber subsequently exhibits a gradual cooling trend.
A majority of the CL-imaged quartz grains of both units 7-8 and 15-8 are zoned, and these zoned grains invariably have darker, lower-temperature cores and brighter, higher-temperature outer rims. Boundaries between cores and rims are generally very sharp and commonly rounded. These sharp, rounded contacts indicate that the rims grew after a period of crystal dissolution caused by immersion of the core of the grain into a higher-temperature regime. The gradual transition of the core to a higher-temperature environment would, on the other hand, most likely be reflected by a gradational change from the darker core to a lighter rim. Gradational zoning is rare but present, almost exclusively in unit 15-8, and is invariably lighter toward the exterior of the grain ( fig. 3D ). Although this pattern could be caused by progressive heating of the magma chamber, a more likely cause would be the gradual sinking of the grain toward the lower, hotter part of the magma chamber via crystal settling. By contrast, the sharp contact that is typically observed between cores and rims is indicative of the relatively abrupt heating of the grain due to the injection of new, hot magma. The sharp nature of the contacts visible between the cores and the rims of most zoned grains also indicates that little time elapsed between crystallization of the rims and eruption of the grains.
The core temperatures from units 7-8 and 15-8 correspond very closely to the bulk of LBT temperatures ( fig. 4) . These cores are thus presumed to be restite from the LBT magma chamber, with rims crystallized in the new, hotter regime due to the magmatic injections before, during, and after caldera collapse. This implies that magma mixing and mingling occurred between the old and new magmas, resulting in hotter conditions throughout the magma chamber. Based on the abundance of colder quartz cores in units 15-8 and 7-8, a considerable amount of magma failed to erupt and proceeded to mix with the new injection.
The new magma injection likely continued during caldera collapse. This cataclysmic eruption would have decreased the overlying pressure, thus allowing new magma to enter the system. The mechanism of caldera collapse also likely facilitated the mixing of the two magmas. Experiments by Kennedy et al. (2008) have shown that a subsiding caldera block or blocks can efficiently stir and mix magmas in a magma chamber. This vigorous stirring also may have generated the heterogeneity we see in rim temperatures from unit 7-8. Turbulent mixing can result in pockets of the chamber that are hotter than others. In unit 7-8, certain quartz crystals have rims with a range of temperatures, although all are hotter than the relatively homogeneous core temperatures.
Simple mixing of a strongly thermally zoned magma chamber could not have created the observed quartz zoning patterns without a new injection. In a magma chamber in which only stirring had occurred, both cold core/hot rim and hot core/ cold rim combinations should be present. Such a pattern is never observed in quartz grains from units 7-8 and 15-8. Stix and Gorton (1993) proposed two distinct Rayleigh fractionation trends in the Bandelier magma system, suggesting that early-erupted CTR material may represent the tapping of a deeper, hotter part of the LBT magma. In accordance with a second hypothesis proposed by Stix and Gorton (1993) to explain these trends, we propose that the early CTR material represents a mixing trend between the LBT magma and the newly injected magma. This new mixed magma then proceeded to fractionate, explaining the evolution noted by Stix and Gorton (1993) in the later-erupted CTR units and the UBT. The restitic quartz cores of units 7-8 and 15-8 represent evidence of mixing, while the progressively cooler temperatures of succeeding CTR units, as shown by our data, support the idea of fractionation and cooling during the time of CTR activity.
Later-Erupted CTR and UBT. The later-erupted CTR units appear to record the tapping of an evolving magma body. The small volumes of these units indicate that only a small portion of the magma system was sampled during each event, presumably from the topmost part of the chamber. The temperature evolution that we observe indicates a gradually cooling system (fig. 4) .
The presence of sharply defined rims on certain quartz grains from later eruptions of the CTR may also indicate that magmatic recharge occurred as discrete pulses of new magma shortly before the eruption of each zoned quartz-bearing CTR unit. However, zoned quartz crystals from these latererupted CTR units are rare, suggesting that these potential new magma injections may have been very localized and/or of small volume. Ti diffusion also explains why no zoned crystals from the early stages of the CTR remain in the later CTR samples. Any zoned quartzes that formed after the LBT caldera collapse (i.e., from units 7-8 or 15-8), remaining as restitic grains in a magma chamber at a conservatively estimated temperature of 830ЊC, would have undergone diffusion and reequilibration in only ∼2 k.yr. These crystals would therefore no longer appear zoned in later-erupted CTR units.
Temperatures from the initial plinian fall deposit of the UBT (unit 6-12) are concentrated at the hotter end of the main cluster of temperature results for the main-stage ignimbrite of the UBT (∼730ЊC; fig.  4 ). The slightly hotter nature of the UBT, in comparison to the LBT, may have contributed to the greater degree of welding present in this deposit. No clear evidence of a trigger was found in this study, although further work on the post-UBT rhyolites is clearly warranted to explore the possibility that zoned quartz crystals were erupted in postcaldera collapse time, as we see in the LBT.
Comparison with Another Large Silicic System: The Bishop Tuff. Wark et al. (2007) utilized CL-visible zonations in quartz phenocrysts and the TitaniQ geothermometer (Wark and Watson 2006) to document the thermal history of the 0.76-Ma Bishop Tuff, erupted from the Long Valley caldera. Although a detailed comparison between the Bandelier Tuff and the Bishop Tuff is beyond the scope of this work, a few significant similarities between our results and those of Wark et al. (2007) may be briefly highlighted. The Bishop Tuff is a chemically and thermally zoned sequence (Hildreth 1979; Hildreth and Wilson 2007; Wark et al. 2007 ). Three types of CL zoning were noted in the Bishop Tuff: (1) weakly zoned cores and high-Ti, CL-bright rims, typical of most late-erupted and some middleerupted products; (2) weakly zoned cores and lowTi, CL-dark rims, found in early and middle deposits; and (3) no CL intensity differences from core to rim. It should be noted that the higher dwell times for the CL images of quartz in Peppard et al. (2001) permitted the capture of higher-resolution pictures. In particular, this allowed the imaging of individual growth rings within distinct CL zones; thus, several concentric growth rings were visible within both the dark cores and the lighter rims of zoned grains. Coupling this with melt inclusion data from previous studies, Wark et al. (2007) concluded that their observations were best explained by the injection of hot, CO 2 -rich mafic magma into the magmatic system several hundred years before the eruption of the Bishop Tuff. This explanation was based on the relatively high CO 2 concentrations in melt inclusions near rims of late-erupted quartz and the evidence of partial dissolution of quartz cores followed by new growth at higher temperatures. The mechanism proposed for this new growth of quartz is the reduction of H 2 O activity in the system by the addition of CO 2 . Recharge by mafic or silicic magma is proposed as a likely trigger of the 0.76-Ma caldera-forming eruption (Hildreth and Wilson 2007; Wark et al. 2007 ).
Our results, and thus our conclusions, show some similarities and some differences with those for the Bishop Tuff. First, we found only a very small number of zoned quartz phenocrysts within the LBT; the great majority of zoned crystals were found in the basal CTR. However, the same pattern of zoned crystals, invariably featuring hotter rims and cooler cores with a sharp boundary separating the two zones, is found in both systems. Thus, while the injection of new, possibly CO 2 -rich and hotter magma may be documented in the quartz phenocrysts of both systems, the timing of these injections with respect to the caldera-forming eruptions or the manner by which these injections affected the magma chamber may differ. Magma recharge may have been a cause of the caldera-forming eruption at Long Valley and likely played a similar role for the LBT caldera-forming eruption. Although many questions clearly remain unresolved, it is likely that magma recharge played a significant role during the histories of caldera-forming eruptions at both the Long Valley and Valles calderas.
Conclusions
The analysis of quartz crystal zoning has provided unique insight into the thermal history of the Bandelier magma system. Cathodoluminescence imaging of sampled quartz grains, combined with titanium-in-quartz geothermometry, reveals a relatively isothermal magma chamber before the eruption of the LBT, at temperatures in the vicinity of 660Њ-715ЊC. These temperatures are near the solidus estimated for such a system, implying that the LBT chamber was highly crystalline at some point before its eruption. An injection of magma then occurred shortly before caldera collapse, raising the chamber temperature by at least ∼100ЊC and triggering widespread crystal resorption. The ubiquitous presence of resorption features on crystals from the LBT and the low crystal content of the erupted products chronicle this injection into the system. Magma injection is a likely trigger for the LBT cataclysmic volcanism. Large-scale magma recharge of the system probably continued during caldera formation and possibly for a short period of time thereafter.
After the period of crystal resorption, crystallization of quartz continued, although at significantly higher temperatures. Early-erupted CTR quartz crystals are commonly zoned; these grains invariably reveal cold (685Њ-700ЊC) cores and hotter (by ∼100ЊC) rims, while unzoned grains are uniformly of high temperatures. The common presence of restitic quartz cores in these units, which were crystallized during the colder chamber conditions of the preinjection LBT system, reveals that a significant amount of magma remained in the chamber after caldera formation. A reasonably large range of observed rim temperatures in earlyerupted CTR units shows that the chamber was not thermally uniform during this time, possibly because of turbulent mixing induced by caldera subsidence (Kennedy et al. 2008) .
Through the thermal history of the LBT and CTR events, we are able to obtain glimpses into the longterm evolution of a magma chamber, from cool precaldera conditions, through mixing and mingling of resident and new magmas immediately before and/or during caldera formation, to a gradually cooler and more uniform chamber in postcaldera time. We do not see strong thermal evidence of continued large-scale magma injections throughout the CTR. Although the plinian unit of the UBT has a higher temperature than late-erupted CTR magmas, our results show no clear evidence of an injection before the UBT eruption. Further investigation into the thermal history of the postcaldera rhyolites of the Valles caldera, erupted after the UBT event, would shed important light on this subject.
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